A variety of methods for quantifying intracellular signal transduction have been proposed.
INTRODUCTION
Cell signal cascade network is one of the complicated systems that involve numerous responses to the extracellular stimuli. For example, ligand stimulation simultaneously induces the activation of a variety of enzymatic reactions (Imhof, 2016) ; thus, multiple pathways are involved. Systems biology has been developed as a theoretical framework that illustrates a global map of signal interactions (Cheong et al, 2011; Govern & ten Wolde, 2014; Selimkhanov et al, 2014; Wang et al, 2010) . This framework serves as a statistical model of signaling and gene expression pathways and protein-protein interactions (Drozdov et al, 2013; Edwards et al, 2012; Guo et al, 2017; Sato et al, 2017; Teschendorff et al, 2015; Teschendorff et al, 2017; Teschendorff & Enver, 2017; Teschendorff et al, 2014; White et al, 2006) .
In recent decades, information thermodynamics has also greatly developed, and the application of this theory to the analysis of signal transduction is attempted here (Sagawa et al, 2014) . Uda et al. have conducted quantitative analysis in the mitogen-activated protein kinases (MAPK) cascade, analyzing robustness from perspectives of mutual entropy (Uda & Kuroda, 2016; Uda et al, 2013) . In addition, recent experimental data on signal transduction appears to make it possible to analyze it quantitatively (Kim et al, 2003; Lee et al, 2013; Mackeigan et al, 2005; Mina et al, 2015; Newman et al, 2004; Petropavlovskaia et al, 2012; Tao et al, 2010; Tsuruyama et al, 2016; Tsuruyama et al, 2011; Tsuruyama et al, 2010; Tsuruyama et al, 2002; Wang et al, 2002; Wang et al, 2014; Yeung et al, 1999; Zhang et al, 2011) . In earlier studies, we reported that the entropy production rate is one of the parameters that can determine the amount of signal transduction (Tsuruyama, 2014; Tsuruyama, 2018b; Tsuruyama, 2018c; Tsuruyama, 2018d) . In these works, in an ideal model of MAPK cascade, the entropy production rate is consistent in the signal transduction step through the cascade. In the current study, we use information thermodynamics (Sagawa et al, 2014 ) based on the entropy production rate and aim to quantitatively evaluate the entropy production rate using actual experimental data.
RESULTS

A model cascade
The modeled cascade is given as a sequential chemical reaction. The signaling molecule at step j of cascade m is denoted as X mj , which induces the phosphorylation of X mj+1 into X mj+1 *.
In individual steps, the dephosphorylation of X mj+1 * into X mj+1 occurs spontaneously or via an enzymatic reaction catalyzed by the j phosphatase (D mj ; 1 ≤ j ≤ n). This reversible signaling step in the above cascades may be described as follows:
where k mj and k -mj are the kinetic coefficients, and ATP, ADP, and Pi represent adenosine triphosphate, adenosine diphosphate, and inorganic phosphate, respectively. When the ligand stimulates the cell, the phosphorylated signaling molecules X mj is tentatively increased for τ +mj (> 0), followed by a decline over a long duration, τ -mj (< 0) ( Fig. 1 ). For example, signaling cascades have been studied extensively using data of mitogen-activated protein kinase (MAPK) pathways, in which the epidermal growth factor receptor (EGFR), c-Raf, MAP kinase-extracellular signal-regulated kinase(MEK), and kinase-extracellular signal-regulated kinase (ERK) are sequentially phosphorylated after stimulation with epidermal growth factor (EGF) as follows:
Average entropy production rate in MAPK models
At first, AEPR <σ mj > was introduced for duration τ +mj -τmj of j step using the entropy production rate σ mj (t) that depends on time passage of the step in the signal cascade:
.
[3]
The positive and negative values were assigned to τ +mj and τ -mj by consideration of orientation of the signal cascade. Here, t is an arbitrary parameter representing the progress time of a 5 signal event. When the cell signaling system is not far from equilibrium state at detailed balance around the homeostasis, as follows:
In above, v (j+1|j) and v (j| j+1) signify the transitional rate from the step j to the step j+1 and the transitional rate from the step j+1 to j step, respectively. p (j + 1|j) and p (j |j + 1) signify the transitional probability of step j+1 given step j, and the transitional probability of step j given j + 1 step, respectively. According to [4] , the transitional rate from the step j to the step j+1, v (j+1|j), is obtained by using the kinetic coefficient, c j , for step j:
[5]
Furthermore, the transitional rate from the step j+1 to j step, v (j |j+1), which is equal to the de-modification reaction of the backward signal transduction, is given by
[6]
We investigated the relationship between chemical work and information based upon a model in [1] or [2] . For this purpose, the average entropy production rate of an actual fluctuating signaling cascade is quantified.
From Eqs [4], [5] , and [6], the following is obtained:
and the fluctuation theorem (FT) gives:
[8]
[9]
Here, let us consider the fluctuation from the steady state. From the concentration of the signaling molecules at the homeostatic state using the superscript st and the concentration fluctuation, the following is obtained:
[10] 6 Using the fluctuation of the signaling molecule x mj and the concentration at the equilibrium state X mj st , we obtain the following from [9] and [10]:
Considering that x mj * can be regarded significantly smaller than x mj+1 * during the signal step j according to experimental data (Kim et al, 2003; Lee et al, 2013; Mackeigan et al, 2005; Mina et al, 2015; Newman et al, 2004; Petropavlovskaia et al, 2012; Tao et al, 2010; Tsuruyama et al, 2016; Tsuruyama et al, 2011; Tsuruyama et al, 2010; Tsuruyama et al, 2002; Wang et al, 2002; Wang et al, 2014; Yeung et al, 1999; Zhang et al, 2011) , <σ mj > is approximately given by:
[12]
Eq.
[11] implies that the duration τ mj is expressed in a linear relationship with the log arithm of the concentration fluctuation. This simple relation may be validated by usin g experimental data as follows. In earlier studies, we deduced that the entropy produc tion rate <σ mj > is independent of the step number j (Tsuruyama, 2018a):
Below, we discuss whether AEPR is independent of j.
Bayesian statistical analysis of the AEPR of the Ras-cRaf-ERK cascade
Here, AEPR was calculated using the data of previous experiments (Blossey et al, 2012; Hollenberg, 2002; Lee et al, 2013; Purutçuoğlu & Wit, 2012; Qiao et al, 2007; Xin et al, 2011; Yoon & Deisboeck, 2009; Zumsande & Gross, 2010) . In particular, we used the MAPK pathway, in which epidermal growth factor receptor (EGFR/ErbB1 or ErbB2), Ras, c-Raf, 
in the right side of Eq.
[14] was obtained by measurement of the blot of the protein from the start to the end of the signal event by stimulation. The density of western bl ot analysis for calculation of the ratio was utilized for computing of AEPR of duringthe phosphorylation of signaling molecules.
AEPR of MEK-ERK-RSK cascade activation
As an example, we aimed to validate our method using another experimental data through liver X receptor activation, which inhibits melanogenesis through the acceleration of ERK-mediated MITF (Microphthalmia-associated transcription factor) degradation (Lee et al, 2013) ( Fig. 2 ). According to this data, AEPR during the phosphorylation is estimated from 0.087 to 0.100 (J/Kmin). Together with above data, we hypothesized that cRaf, MEK, ERK and MSK (mitogen-and stress-activated protein kinase) forms a sequential activation cascade and AEPRs are nearly equal to each other (Table 1) p38 (0.096 (J/Kmin)) ( Table 2 ). These data suggest that AEPR is nearly consistent during MEK-ERK-MSK cascade.
As another example, the data of the Ras-cRaf-ERK cascade were used (Petropavlovskaia et al, 2012) . These data pertain to the activation of cascades in RIN-m5F rat islet cells stimulated by two types of ligands: full-length recombinant islet neogenesis-associated protein (rINGAP) and a 15-amino acid fragment of INGAP, termed INGAP-P ( , 2012) .
DISCUSSSION
In the current study, the sequential increase in the concentration fluctuation of phosphorylated signaling molecules showed that the signal transduction along the cascade could be evaluated quantitatively. Quantitative studies of three experiments shown in this study revealed that AERP value is nearly consistent with the MEK-ERK-MSK cascade and In previous study, when the signal event number per a given duration is maximized, we obtained the following result (Tsuruyama, 2017; Tsuruyama, 2018c):
[15]
[16]
In above, β m represents an arbitrary constant independent of step number j. Above Eqs.
and [16] represents a well-known type or entropy coding (Brillouin L, 2013) . Further, we obtained the following result : 
Therefore, AEPR <σ mj > is equal to β m , which is independent of the step number j (Tsuruyama, 2017; Tsuruyama, 2018a; Tsuruyama, 2018b; Tsuruyama, 2018c).
In the future, further study will be required to prove which strategy of signal cascade the biological system will select. In particular, the cell system may select a strategy to maximize signal event number during a given duration, or accuracy of the signal transduction may be required in the cell system. Cost-performance of metabolomics substances tradeoffs for cellular regulatory functions and information processing has been recently argued in the chemotaxis of E. coli (Lan et al, 2012) . They pointed out that the framework of information thermodynamics has still been developed. In this way, the strategy chosen for signal cascade by the cell system will likely be determined experimentally. The methodology described herein might provide the quantitative basis for the estimation of ligand or drug effects involving the activation of cellular signal transduction. This theoretical approach appears suitable for the identification of novel active signaling cascades among response cascades.
Materials and Methods
For the Markov chain Monte Carlo (MCMC) method, the R-program (https://www.r-project.org/; Rstan; http://mc-stan.org/users/interfaces/rstan) was used, and a random number was generated to obtain posterior predictive distribution of the average entropy production rate (AEPR). The posterior probability distribution was calculated by the remaining five Markov chains (21,000 times per run) after the removal of the burn-in times.
The posterior distribution was approximately predicted by 100000 random numbers obtained by the HMC method. The convergence judgment index R was less than 1.1 and the random number sequence converged to the posterior distribution. From Eq.
[11], log (1 + x mj */X mj *) of each step is divided by the signal duration τ mj to obtain the AEPR.
Abbreviation used in the text are PPI, protein-protein interaction); AEPR, average entropy production rate; FT, fluctuation theorem; MAPK, mitogen-activated protein kinase; ERK, 11 extracellular signal-regulated kinase. Densitometric image analysis of previous reported data was performed using Image J software (http://rsb.info.nih.gov/ij/).
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Figure Legends
The integral areas were calculated by the sum of the fluctuation S = 1+ x/ X st from t = 0 to t = τ mj (Petropavlovskaia et al, 2012) . Bold values were used in the computational calculation (as in the paragraph "AEPR of MEK-ERK-RSK cascade activation" in the results section).
Experiments were performed three times. When sufficient activation of cascade was not observed, the data was omitted (phosphorylation of Ras, Erk, AKT in use of INGAP-P; phosphorylation of AKT in use of rINGAP). 
